Purpose We have now applied our MORF/cMORF pretargeting technology to the targeting of CWR22 prostate tumor in nude mice. Methods The antiTAG-72 antibody B72.3 was conjugated with an 18 mer MORF while the cMORF was radiolabeled with 99m Tc. The specific binding of the antibody to the CWR22 cells was first confirmed in an assay placing the radiolabeled B72.3 antibody in competition with increasing concentrations of native B72.3. Thereafter, a group of four CWR22 tumored mice intravenously received the MORF-B72.3 and, 3 days later, the 99m Tc-cMORF, and were killed at 3 h postradioactivity injection. The dosage of the labeled cMORF was selected on the basis of previous experience in LS174T tumored mice. As controls, four animals received only the radiolabeled cMORF and another four received only the 111 In-B72.3. The maximum percent tumor accumulation (MPTA) of the labeled cMORF was subsequently determined by a dosage study of labeled cMORF. Both a multipinhole SPECT image and a planar gamma camera image were obtained of a representative mouse. Results The CWR22 tumor was confirmed to be TAG-72-positive. The MPTA of the labeled cMORF in the CWR22 tumor was 2.22%ID/g compared to only 0.12%ID/g in control mice without pretargeting. Both the planar and tomographic images confirmed the success of the CWR22 pretargeting. Conclusions The MORF/cMORF pretargeting approach has been successfully applied to tumor targeting of the prostate xenograft CWR22. However, the MPTA in this tumor model is lower than that in the LS174T tumor model investigated earlier, possibly due to a lower tumor blood supply.
Introduction
Pretargeting is an improved approach to targeting solid tumor over the conventional approach using radiolabeled antibody [1] [2] [3] [4] [5] [6] . Most tumor pretargeting studies employ one of two popular recognition systems, namely, bispecific antibody/hapten [7, 8] and (strept)avidin/biotin [9] . We have been investigating a relatively new system using a pair of mutually complementary phosphorodiamidate morpholino oligomers (MORF/cMORF) [10] . MORF/cMORF pretargeting involves a MORF conjugated antibody and a radiolabeled cMORF. Among the several advantages of pretargeting with oligomers such as MORF is the latitude in the selection of base sequences, although, up to now, only two complementary pairs of 18 mer base sequences have been investigated [11] [12] [13] .
A characteristic of pretargeting is complexity. Even for conventional two-step pretargeting, after the tumor model,investigated and characterized the relationship in a mouse tumor model between the pretargeting agent and the effector [12, 13] to simplify the pretargeting optimization. It can be deduced from these previous studies that the antibody dosage is not critical as long as it is below that required to saturate the tumor antigenic sites; the pretargeting interval should be selected to provide the highest practical tumor/ normal tissue (T/NT) ratios of accessible antibody; the effector dosage should be that just sufficient to saturate the accessible MORF-antibody in tumor (the saturating dosage) such that the maximum percent tumor accumulation (MPTA) and the highest T/NT ratios of the effector can all be achieved; and, finally, the detection time should be selected to allow the free effector to clear to the lowest practical level.
Furthermore, the T/NT ratios of the effector can never exceed the T/NT ratios of the accessible antibody. If the effector dosage is below the saturating dosage, the absolute tumor accumulation at the detection time will be less than the maximum. Because the accessible antibody in normal tissue is usually saturated by the effector, the T/NT ratios of effector will then be lower than the T/NT ratios of the accessible antibody. Conversely, if the effector dosage is above the saturating dosage, the T/NT ratios of the effector will be equal to that of the accessible antibody, but the percent tumor accumulation will be lower than MPTA. The only exception is in kidneys, where the effector concentration is independent of the antibody concentration therein [12, 13] . However, the T/NT ratios of the accessible antibody and, therefore, of the effector can be improved by increasing the pretargeting interval or by using a clearing agent, but the MPTA is a value depending only on the tumor and the labeled effector. That the MPTA depends only on the tumor model and the properties of the effector is explained in the Appendix.
In this investigation, the MORF/cMORF pretargeting was applied to prostate cancer. Prostate cancer usually starts as an androgen-dependent tumor. However, about 2 years after androgen ablation, the tumor often becomes androgenindependent [14, 15] . An ability to target early-stage androgen-dependent prostate cancer would be useful because early detection can be critical to patient management. The CWR22 is an androgen-dependent tumor model and, therefore, is suitable for this investigation [16] . Because TAG-72 has been widely reported as being overexpressed in prostate cancers [17] [18] [19] [20] [21] [22] , most probably the CWR22 tumor is also TAG-72-positive. If so, antiTAG-72 antibodies such as B72.3 or CC49 may be used for our purpose. The cellular expression of TAG-72 is usually defined by the binding of antiTAG-72 antibody B72.3 to the cells [23] [24] [25] . In this paper, the CWR22 was first tested for its TAG-72 expression followed by the use of the B72.3 antibody in the pretargeting study. We now report on successful MORF/cMORF pretargeting of the CWR22 prostate xenograft mouse model.
Materials and methods
The sequences and molecular weights of the MORF and cMORF from Gene Tools (Philomath, OR, USA) were identical to those in our previous reports [11] [12] [13] . The B72.3 antiTAG-72 IgG antibody was a gift from the NCI BRB Preclinical Repository (Rockville, MD, USA). This antibody does not internalize and is suitable for pretargeting [26] . The diethylenetriamine pentaacetic acid (DTPA) cyclic anhydride was from Sigma-Aldrich (St. Louis, MO, USA), while the p-isothiocyanate (SCN)-benzyl-DTPA was from Macrocyclics (Dallas, TX, USA). The S-acetyl NHS-MAG 3 was synthesized in house [27] and the structure was confirmed by elemental analysis, proton NMR, and mass spectroscopy. The Sephadex G-100 and medium P4 gel powder were from Pharmacia Biotech (Uppsala, Sweden) and Bio-Rad laboratories (Hercules, CA, USA) respectively. Conjugation of DTPA to B72.3 using the DTPA cyclic anhydride was as previously reported [12] . Briefly, the B72.3 was mixed with the anhydride in 0.15-0.25 M (final concentration), pH 8.0 bicarbonate buffer at a 50:1 DTPA/ B72.3 molar ratio. The reaction mixture was incubated at room temperature for 1 h and purified on a Sephadex G-100 column. Conjugation with p-SCN-benzyl-DTPA was achieved in the same bicarbonate buffer at the same DTPA/antibody molar ratio but at pH 9.3, and the mixture was allowed to react for 15-24 h at room temperature before purification. Labeling of both conjugates was achieved by mixing 0.5 M pH 6.0 NaOAc buffer with 111 InCl 3 in 50 mM HCl (v/v=1/1) and then adding to the purified DTPA conjugates of B72.3. Radiochemical purity was measured by size exclusion HPLC, in which recovery was routinely measured.
The labeling of cMORF with 99m Tc was as previously described [28] . When stored at −20°C in pH 5.2 NH 4 OAc buffer, the MAG 3 -cMORF conjugate has been used for at least 3 years with labeling efficiency unchanged at more than 95%. Because pertechnetate is retained on the Superose-12 column, Whatman no. 1 paper was used with acetone as eluant to measure the percentage of pertechnetate (R f =1.0). Radiochemical purity was therefore determined by both size exclusion HPLC and paper chromatography.
The MORF-B72.3 was prepared using the commercial Hydralink method [29] . The purity of the products in each step was monitored by size exclusion HPLC. The average number of MORFs per antibody (gpm) was determined by adding a known excess of 99m Tc-labeled cMORF to a known amount of MORF-B72.3 as described previously [11] .
The CWR22 tumor model
The CWR22 cell line was a gift from Dr. Thomas G. Pretlow (Case Western Reserve University School of Medicine, Cleveland, OH, USA). Subsequent generations were developed as follows: Briefly, a BALB/c mouse with a 1-3-g CWR22 tumor was killed under anesthesia and the tumor was excised under sterile conditions. In a Petri dish with 15 mL working media (RPMI 1640 with 1% fetal bovine serum), the tumor was cut into small pieces (2-3 mm), transferred to a small beaker, and washed three times with the working media. The tumor pieces were ground into fragments and sieved (80 mesh). Working media was periodically added. The slurry of cell fragments was collected into a 50-mL Corning centrifuge tube and washed with working media until no red blood cells were apparent. Throughout this process, the cell fragment suspension was kept at 4°C. The cell fragments were used for tumor inoculation and cell binding study or stored in a −80°C freezer for future use in mice for tumor development.
For tumor inoculation, cell fragments were washed with plain RPMI 1640 medium using a microcentrifuge at 900×g. The pellet was mixed with an equal volume of BD Matrigel™ Matrix basement membrane. Each BLAB/c mouse received subcutaneously 100 μL of fragmentMatrigel in the lower back using an ice-cold 1.0-mL syringe with a 22-gauge needle. Because the CWR22 tumor is androgen-dependent, half a 90-day-release testosterone pill (12.5 mg/pill) was subcutaneously implanted in one flank using a trochar 2 days before tumor implantation. About 30 days later, tumors became measurable and tumor growth was monitored by calipers to estimate tumor width, thickness, and length.
Throughout this investigation, the weights of all tumors were measured at death. As a result, it was possible to correlate tumor dimensions and weights for better control of tumor size for subsequent studies.
Confirmation of B72.3 binding to CWR22 cells
The radioactive complex 99m Tc-cMORF/MORF-B72.3 was prepared by mixing MORF-B72.3 (gpm 0.5) with 99m TccMORF at a MORF/cMORF molar ratio of between 2 and 5 to assure no free labeled cMORF was present. The complex was purified over a Sephadex G-100 column (0.7×20 cm) and the peak fractions were pooled and adjusted to a concentration of 0.70 μg (2.5 μCi) B72.3 per 100 μL using native B72.3 and working media.
An aliquot containing 20 mg of CWR22 fragments was added to each of 30 microcentrifuge tubes. After centrifugation, the supernatant was discarded and 150 μL of working media containing 0.70 μg (2.5 μCi) of 99m TccMORF/MORF-B72.3 was added to 27 of the tubes. After dividing into nine groups of three, different dosages of native B72.3 between 0.0 and 300 μg was added to the tubes such that the concentration of B72.3 was between 0.0 and 12.11 pmol/μL. The remaining three tubes each received 150 μL working media containing only 2.5 μCi of 99m Tc-cMORF as controls. All the tubes were incubated on ice for 50 min before being centrifuged at 900×g. The pellets were washed twice with 1 mL working media. The supernatants were collected and counted on an auto-gamma counter together with the pellets.
In vivo tumor pretargeting
Twelve BALB/c tumored mice were divided into three groups. Group 1 mice each received only the 99m TccMORF effector at 1.0 μg (90 μCi) and were killed at 3 h postradioactivity injection. Group 2 mice each received 30 μg of MORF-B72.3 (gpm 0.41) and, 72 h later, 1.0 μg (90 μCi)
99m Tc-MAG 3 -cMORF and were killed at 3 h. Group 3 mice each received only 30 μg (25 μCi)
111 In-DTPA-B72.3 and were killed at 72 h. All administrations were intravenous and death was achieved under anesthesia by heart puncture and exsanguination. All organs and tumors were collected and the radioactivity was counted in an auto-gamma counter along with an injectate standard. Blood and muscle were assumed to constitute 7 and 40% of the total body weight. The percent of the injected dosage in each organ (%ID) and per gram of organ (%ID/g) were calculated.
A separate study was performed to determine the MPTA by varying the dosage of the labeled cMORF. The experimental conditions were identical to group 2 above, except the dosage of cMORF was varied between 0 and 2.0 μg. Furthermore, tumor size influence on the tumor accumulation of labeled antibody was examined ranging 0.35-1.30 g after each mouse received 30 μg 111 In-DTPAbenzyl-B72.3 under identical conditions to those of group 3.
MicroSPECT imaging
The microSPECT imaging system consisted of a three-head clinical gamma camera (PRISM 3000, Philips, Cleveland, OH, USA) fitted with three multipinhole tungsten apertures from Bioscan (Washington, DC). In this study, three ninepinhole apertures were used and 10 acquisitions by each head were obtained within 20 min. Images were reconstructed using the HiSPECT program (Bioscan). One BALB/c mouse bearing a 1.02-g CWR22 tumor in one flank received 150 μg of MORF-B72.3 (gpm 0.53) via a tail vein. Three days later, 6 μg (7.5 mCi) of 99m Tc-MAG 3 -cMORF was injected followed by imaging at 3 h under ketamine/xylazine anesthesia.
Results

The CWR22 tumor model
Correlation of tumor dimensions to tumor weight based on our data produced a slope of 0.53 for the plot of tumor weight vs the product of tumor width, thickness, and length. This result is identical to that from a recent report of 0.5234 for the same model [30] . Figure 1 shows the tumor growth over time in one batch of 20 BALB/C nude mice of this investigation, in which the tumor weights are estimated from the tumor dimensions.
Confirmation of B72.3 binding to CWR22 cells
The decreasing percentage of 99m Tc labeled B72.3 ( 99m TccMORF/MORF-B72.3) bound to the cell fragments with increasing concentrations of total B72.3 is shown in Fig. 2 , indicating that the binding of antibody to tumor is specific and, therefore, that the CWR22 prostate xenograft expresses the TAG-72 antigen. As a control, the binding of 99m Tc-cMORF to cells not pretargeted was also measured and found to be undetectable (data not shown).
In vivo tumor pretargeting Tc-cMORF in CWR22 tumored BALB/c mice with and without the prior administration of 30 μg of MORF-B72.3 and, also, the biodistribution of 30 μg B72.3 radiolabeled with 111 In by the cyclic anhydride of DTPA and by p-SCN-benzyl-DTPA. The tumor accumulation of the labeled cMORF in the pretargeted group is 15 times that without pretargeting (1.81 vs 0.12%ID/g), indicating pretargeting as the mechanism of tumor localization. The generally lower tissue accumulations of the effector alone contrast with the typically higher normal tissue levels observed in pretargeting studies without the benefit of a clearing agent. Because of the incomplete clearance of the MORF-B72.3 in the circulation at the time of effector administration, radioactivity levels in the pretargeted mice are elevated in circulation and in all normal organs except the kidney. As we have observed previously for the LS174T tumor model, the kidney accumulation in pretargeting studies is characteristic of the labeled cMORF alone [12, 13] .
The individual tumor accumulations are plotted against tumor size in Fig. 3 . As shown in panels a and b, the tumor accumulations of the effector and the 111 In labeled antibody shows minimal variation among animals despite a range of higher in pretargeted animals as shown in Table 2 . The T/ NT ratios in other normal organs except blood and kidney by pretargeting at 3 h postradioactivity administration are comparable to those for animals receiving 111 In-DTPA-B72.3 and superior to those for animals receiving 111 In-DTPA-benzyl-B72.3, both at 72 h postadministration. Since the tumor-to-blood ratio by pretargeting is theoretically equal to that of the accessible MORF-antibody as discussed above, it is not surprising that they are comparable to those of 111 In labeled antibody.
MPTA of the labeled cMORF Table 1 for the earlier pretargeting study at a fixed effector dosage of 1.0 μg.
MicroSPECT imaging Figure 5 presents a planar scintigraphic image (b) of the pretargeted mouse and coronal (c) and sagittal (d) slices across the tumor of the 3-D HiSPECT image at 3 h postradioactivity injection, along with a photograph of the animal (a). As shown, radioactivity is much higher in the tumor than in normal organs except for the kidneys. Because the effector is cleared through this organ, radioactivity is usually apparent there.
Discussion
The CWR22 prostate cell line used in this investigation grew more rapidly compared to another androgen-dependent cell line LNCaP and provided a higher tumor take rate of over 90% in BALB/c nude mice compared to 75% for LNCaP. For that reason, the CWR22 was selected for this investigation, even though this cell line cannot be maintained in cell culture. The MPTA of the labeled cMORF of 2.22%ID/g for CWR22 tumors ranging in size from 0.4 to 1.8 g is lower than the previous MPTAs of 4.40, 6.25, and 8.89%ID/g for LS174T tumors of 1.0, 0.5, and 0.4 g respectively, using the Table 2 The T/NT ratios derived from 111 In-diDTPA hapten in a SK-RC-52 tumor mouse model pretargeted with a bispecific antibody has been reported [31] . As explained above, the MPTA of a labeled effector depends upon the tumor model and the labeled effector. In a different SK-RC-1 tumor mouse model, the same authors using the same pretargeting approach reported a much lower tumor accumulation of about 25%ID/g [32] . It is therefore incorrect to compare MPTAs among pretargeting approaches using different tumor models.
A more meaningful comparison is to compare in the same CWR22 tumor model the MPTA of the labeled cMORF effector in pretargeted mice with the tumor accumulations of other labeled agents by conventional direct targeting. The CWR22 tumor accumulation of deoxyglucose radiolabeled with 18 F ( 18 F-FDG) in BALB/c mice was reported to be about 2.5%ID/g at 1 h [33, 34] but with high and persistent normal tissue levels. In the same report [34] , the tumor accumulation of 11 C-acetate was reported to be lower but also with poor T/NT ratios. The CWR22 tumored mouse model was also used to test the 3′-deoxy-3′- 18 F-fluorothymidine ( 18 F-FLT) accumulations [35] . Retention of 18 F-FLT was poor with tumor accumulation of 0.69%ID/g at 2 h. Finally, the tumor accumulation of 64 Cu labeled peptide bombesin in BALB/C mice with CWR22 tumors was about 1.75%ID/g at 0.5 h [36] . Thus, among these studies, MORF/cMORF pretargeting provided comparable or higher tumor accumulations and T/NT ratios superior to those from conventional tumor targeting. Finally, as already mentioned, the T/NT ratios by MORF/ cMORF pretargeting can be further improved by increasing the pretargeting interval and/or using a clearing agent.
The differences in biodistributions between the 111 In-DTPA-benzyl-B72. 3 and 111 In-DTPA-B72.3 shown in Table 1 may raise questions about the accuracy of using 111 In as an antibody tracer, as is routine in this laboratory and elsewhere [12, 13] . Fortunately, what is important in pretargeting is not the absolute antibody concentration, measured by a radioactive tracer such as 111 In-antibody, but the accessible antibody concentration, measured by the retention of labeled effector.
Conclusion
Successful pretargeting of an androgen-dependent prostate cancer xenograft in mice was achieved with MORF-B72.3 and radiolabeled cMORF.
100, the accumulation of effector now in percent of injected dosage per gram of tumor (%ID/g) becomes:
As described earlier and verified experimentally [12, 13] , Q is a constant when the dosage of effector is below that required to saturate the MORF-antibody in the tumor. Because the product F×f×W −1 is also constant, the integral R t¼1 t¼0 EÂ C %ID=g ð Þ blood Â dt must also be a constant under these conditions. Furthermore, R t¼1 t¼0 C %ID=g ð Þ blood Â dt is a constant for the free labeled effector alone. In pretargeted mice, if the antibody concentration in normal tissues is sufficiently low, to a first approximation, the integral will be unchanged from the effector alone condition. Therefore, E must be a constant and can also be put outside of the integral. However, at dosages of effector greater than required to saturate the MORF antibody in tumor, E will become zero at some point when there is no longer MORF in tumor available to retain the effector, resulting in a smaller percent accumulation. Therefore, the accumulation before saturation of pretargeting agent in tumor will be the MPTA:
This equation shows that the MPTA is independent of the pretargeting agent and dependent only on the tumor and the effector.
